The objective of this work was to study the influence of the addition of silver nanoparticles in the microstructure of mullite at two different temperatures of sintering (1500 and 1600 °C), in order to decrease the porosity and increase the density as well better the hardness and fracture toughness. The microstructural characteristics were studied by scanning electron microscopy, confocal scanning microscopy and X-ray diffraction. Mullite/Ag cermets with homogenous microstructure were and a fracture toughness of 2.42 MPа·m 1/2 .
Introduction
Mullite (3Al 2 O 3 . 2SiO 2 ) is a stable compound in the alumina-silica system and one of the materials in oxide ceramics most widely studied [1] [2] [3] . Mullite is an attractive potential engineering ceramic due to high strength and high creep resistance [4] [5] [6] [7] [8] [9] as well as other applications at high temperature due to its high-thermal and chemical stability and the excellent thermo-shock behavior [10] [11] [12] [13] [14] owing its unique combination of properties like high melting point (1830 °C), low thermal expansion coefficient (4.5 X 10 -6 K -1 ), and low dielectric constant (ε = 56.5 at 1 MHz) [1, 12] . However, mullite by itself suffers from low fracture toughness (∼ 2MPa m 1/2 ) at room temperature and difficulties in sintering to full density material [3, [15] [16] .
Composite materials formed by metallic particles dispersed within insulating matrix (i.e. ceramic) are known as cermets [17] . These composites have recently attracted considerable attention due to a singular combination of dissimilar properties (including mechanical, optical, electrical and magnetic properties) of their components, which make them excellent candidates to fabricate multifunctional devices with new and unique features.
The purpose of the metal reinforcement in the ceramic matrix is to modify the mechanical properties of hardness, fracture toughness and elastic module, considering the nature of the ceramic materials are very hard with low fracture toughness and high elastic module that makes them sensitive to mechanical failure by cracking when these are subjected to mechanical stress by tension, compression or vibration [1, [18] [19] . In the case of mullite in order to improve its fracture toughness and as well as another mechanical property has been introduced in their microstructure different metallic particles like W, Mo, Ni, Al, Cr, Ti, Fe, FeO, CoO, Nb, etc [20] [21] [22] [23] [24] [25] .
Silver matrix composites (SMCs) are a group of Metal Matrix Composites (MMCs) which are widely used in electrical make-break contacts like air conditioner controls, aircraft switches, governor relays and wiping shoes in power transformers [26] . Besides, silver and its compounds are popular antimicrobial agents like nanoparticles are now used in a wide spectrum of consumer products right from clothing, respirators, antibacterial sprays, detergent, socks, shoes, etc. [27] , its addition is an option to improve the mechanical and electrical properties of the mullite and to be able to expand its potential applications [28] . This work focused to study different aspects of the addition of silver nanoparticles in the microstructure and mechanical properties of mullite during sintering at 1500 and 1600 °C.
Materials and Experimental Procedures
Commercial powders of mullite (98 % pure, <150 μm, Kyanite Mining Corp, USA) and silver nano-powders (99.99 % pure, ˂ 100 nm, Aldrich Products) were used to obtain mullite/Ag cermets materials, the silver concentrations vary from 0, 1, 3, 5, 10, 20 and 30 % wt. In order to develop a homogenous mixture, combination of silver and mullite powders were mixed in a high energy planetary mill for two hours at 200 rpm. High energy promotes a good integration and distribution of the silver inside mullite in the cylindrical compacts (pads) which were obtained via cold compaction with a uniaxial load of 200 MPa priory to sintering process. Mullite/Ag cermets materials were sintered at 1500 and 1600 °C for 60 minutes in a high temperature furnace under controlled nitrogen gas atmosphere to prevent metallic particles oxidation.
Diameter, thickness and volume of the pads were measured to determine the density using the Archimedes method according to ASTM C 20-00 as well as the porosity. The pads corresponding at two sets of mullite/Ag cermets sintered at 1500 and 1600 °C were characterized by X-ray diffraction (XRD) using an X-ray diffractometer PANalytical brand model EMPYREAN in the 2θ range of 10-90 with Cu K α radiation (λ=0.154056 nm) at 20 KV to detect possible phase transformation. The microstructural analysis of the mullite/Ag cermets was realized by scanning electron microscopy (XL30 ESEM, Philips) coupled with EDS detector. Confocal Microscopy (LMS 710, Zeiss, with lasers of 405, 458, 514, 561, 594 and 633 nm) was realized to know the silver distribution in the matrix of mullite.
The fracture toughness was determined using JIS R 1607 [29] , the respected singleedged precrack beam method for determining K Ic , but it also includes a Vickers indentation fracture (IF) method as an alternative to compute a "K c " parameter. The mechanical evaluation of the samples consisted of microhardness tests in a team (Emco-Test DuraScan 200) with manual turner of the measuring tower with 2 adapter lenses of 10X and 40X, an indenter as a penetrator with a test range of 0.01 to 10 Kgf (0.098-98 N). The determination of the hardness consists in applying a load (P H ) by means of a diamond point indenter of pyramidal shape, when the mark is registered the diagonals of the geometric figure are measured ( Fig. 1 ) and directly the equipment measures the relation of the angles and the diagonals of the fingerprint to determine the hardness measurement, in the Fig. 1 the fingerprint of the indenter is observed and the lines are referenced in the vertices of the break to determine the hardness. The equation to measure the hardness is the following: Initially the pads were polished to mirror and 10 indentations were made by cermet, this with the purpose of obtaining an average, using a load of P H = 0.2 Kgf (1.96N) besides knowing the change in the hardness of the mullite tablets without reinforcement and of mullite with reinforcement with different content of silver nanoparticles.
Fig. 2. Vickers Indentation footprint.
Fracture toughness was measured by IF method, obtaining consists in relating the lengths of the cracks generated when applying a load (P FT ), which are generated in the vertices of the indentation footprint, as shown in Fig. 2 . The test to the fracture toughness a c Indentation mark Cracks (K C ) was realized in the same way and determined by the equipment of hardness, but now indirectly, that is, a load greater than the hardness on the surface of the material is applied, said load was P FT = 0.5 Kgf (4.90 N), 5 indentations were made by cermet in the different concentrations of Ag at both sintering temperatures. Once the size of the crack "c" and "a" were measured, K c is determined and made by the relationship of equation 2, the formula known as the Miyoshi equation [30] : (2) where: We took 7 values of the speed of sound for each cermet in order to determine an average that could be significant. With the help of equation 3, the average value of the measured density (ρ measured ) and the speed of sound are replaced so that the value of Young's modulus can be calculated.
Results and Discussion
Two sets of mullite/Ag cermets were prepared with different proportions of silver (X = 0, 1, 3, 5, 10, 20 and 30 wt.%) at 1500 and 1600 °C, the Archimedes technique was used to measure the density of cermets (ρ measured ), and the relative density (ρ relative ) was calculated by the following relation: (4) where: ρ theory is the theoretical density which can be determined from the weight percentage of the phase silver and mullite according to the following equation [15] : (5) where ρ silver and ρ mullite are the densities of silver and mullite (g/cm 3 ) with their respective weight percentage, X silver and X mullite .
Tab. I shows the results of density and densification of cermets sintered at 1500 and 1600 °C and different silver content. It can be observed that at 1500 °C the ρ measured increases in relation to the increase in Ag content, going from 2.83 g/cm 3 for mullite alone to a value of 3.23 g/cm 3 for cermet with 30 % silver, while at 1600 °C ρ measured values range from 2.86 g/cm 3 for mullite alone to 3.44 g/cm 3 for mullite with 30 % Ag. At 1600 °C, the ρ measured is lightly higher compared to cermets sintered at 1500 °C. If for the calculation of the densification we use the nominal concentrations of Ag we can see that this decreases to high silver concentration (20 and 30 wt%, 1500 and 1600 °C, Tab. I D) but this is not quite correct since the increase of the densification is usually associated with the decrease of the porosity (Fig. 3) , a problem in the synthesis of cermets in the integration of metallic particles to the ceramic matrix [17] , if in equation 2 we now use the concentration of Ag obtained by EDS (Tab. III) we can see that indeed the densification increases (Tab. I E) according to the porosity decrease ( Fig. 3 ) which is consistent with the homogenization of the cermets microstructure observed by SEM (Fig. 4) .
The variation of porosity as a function of silver concentration in the mullite/Ag cermets can be observed in Fig. 3 , at 1500 °C the porosity decreases as the Ag concentration increases, starting with 15.77 % for mullite without silver to a minimum of 0.81 % at an Ag concentration of 20 %, although at 30 % Ag the porosity increases to 4.06 % (cermet 1500 °C mullite/30%Ag). However, at 1600 °C most of the cermets, in their different Ag contents, the porosity drops to values lose to 1 %, which suggests that the determining factor here is the sintering temperature and with small amounts of silver we can obtain very low values of porosity, the highest value of porosity at 1600 °C is for the cermet with an Ag content of 10 % (cermet 1600 °C mullite/10%Ag). A similar behavior of the porosity was previously reported by Yu-Ming to the system corundum/mullite but as a function of temperature of sintered [31] . 
Microstructural characterization
An analysis by SEM/EDS was performed to observe the microstructural characteristics of the manufactured cermets as well as the homogenization of the grains of mullite by the sintering effect at the two different temperatures. It can be observed that at low concentrations of Ag (< 5 %) no significant changes in the microstructure and grain size were observed. It is possible to see two phases, gray and dark, in the micrographs of Fig. 4 . the dark phase that delimits the phase gray is better defined at 1600 °C ( Fig. 4 e, f, g and h) that at 1500 °C ( Fig. 4 a, b, c, and d) , the dark phase is not porosity because this decrease with the increase of Ag (Fig. 3) although we can think that is highly homogeneous phase because don´t have contrast, this effect is clear a high concentrations of silver ( Fig. 4d and 4h) remembering that a back-scattered electron detector (BSE) was used to obtain these micrographs.
For 1600 °C mullite/10%Ag a change in its microstructure can be seen (Fig. 4g ), this is associated with the increasing in its porosity (Fig. 3) ; meanwhile the cermet 1500 °C mullite-10% Ag only show a good separation of phases (gray and dark, Fig. 4c ). At 1500 °C the transformation of microstructure is obtained with 20%Ag and with 30%Ag have a new microstructure with big grains (dark phase, Fig. 4d ) but at 1600 °C this new microstructure appears since 20%Ag and 30%Ag (Fig. 4h ) with a dark phase bigger, now the gray phase remains around the dark phase defining the new grain size, this indicate that the effect of the Ag addition is greater at 1600 °C.
The compositional analysis by EDS of the cermet 1600 °C mullite/30%Ag (general) and specifically of the phases dark (1) and gray (2) present in the Fig. 4h are shown in Tab. II. It can be observed that the gray phase has more oxygen, so we can assume that it is dissolved quartz around phase dark which is rich in Al and Si, so we can say that it is highly homogenized mullite, this homogenization was searched due to the addition of Ag and the sintering temperature. Silver dispersion is not observed in the micrographs of Fig. 4 due to its nanometric size and good dispersion as well integration in the grain boundaries of the mullite matrix, however its presence was detected using EDS, the experimental concentration of Ag is shown in the Tab. III for all the sintered cermets. An alternative to know the distribution of Ag nanoparticles in the cermets is the technique of confocal scanning microscopy because in some opaque materials is possible obtain images and taking advantage of the reflection phenomenon of the laser in the metallic particles (Ag) to see the distribution of them in the ceramic matrix (mullite). In Fig. 5 we can observe the distribution of Ag nanoparticles in two cermets sintered at 1500 and 1600 °C with 10 %Ag concentration. 
X-Ray Diffraction Analysis
Due to the high sintering temperatures of the cermets (1500 and 1600 °C) compared to the melting temperature of the mullite (1830 °C), X-ray diffraction was performed to verify the stability of the cermets and/or possible phase transitions as well as the presence of silver. In all the cermets it can be verified that the mullite phase is maintained independently of the sintering temperature and Ag concentration, peaks of other phases (another aluminosilicate) not appear ( Fig. 6 and Fig. 7 ), consequently the two phases observed in SEM (gray and dark) correspond to the mullite with the difference that the dark phase is homogenized mullite and as it increases the silver content increases. In the case of the diffraction peak of the Ag this is not appreciated due to the nanometric size of its crystals since overlaps with those of mullite, regardless of the concentration of Ag in the cermets. What is important to note is the presence of quartz in the mullite, in cermets sintered at 1500 °C this can be seen in cermets with concentrations of up to 5% Ag, for cermets with 10, 20 and 30 % of Ag no longer detects the presence of quartz, in the case of cermets sintered at 1600 °C only the quartz peak is seen in the cermet that has no silver, because the quartz melting temperature is 1713 °C is not may think that it has melted but only scattered and diffused in the mullite matrix by the combined action of temperature and silver in the cermets, at 1600 °C only the temperature is necessary to cause this phenomenon, while for 1500 °C It is necessary low concentrations of Ag with temperature to cause this phenomenon. 96N) ; in this work, the hardness tends to decrease as the content of Ag increases, behavior similar to that observed with the densification. Fracture toughness K c was determined by indentation applying a load of P FT = 0.5 Kgf (4.90 N), at 1500 °C there is a maximum of 2.02 MPa.m 1/2 for the 1500 Mullite/3% Ag cermet, with the 1500 Mullite/5%Ag cermet it decreases its value at 1.61 MPa.m 1/2 to grow again until a second maximum of 2.16 MPa.m 1/2 with 1500 Mullite/30%Ag cermet. For the cermets sintered at 1600 °C the fracture toughness starts with a value of 1.38 MPa.m 1/2 for the cermet 1600 mullite (without Ag) and reaches a maximum of 2.42 MPa.m 1/2 with 1600 Mullite/5%Ag cermet, at higher concentrations the fracture toughness decreases. At both temperatures the fracture toughness increases as the Ag content increases but in two stages, at low and high concentration, at 1500 °C the first stage is in the range of 0 to 3 % and the second one from 5 to 30 % of Ag, while at 1600 °C it is from 0 to 5 % from 10 to 30 % respectively. The two stages in which the fracture toughness presents can easily be associated with the microstructure changes shown in Fig. 4 . Moya et al. [17, 24] found that the fracture resistance in the mullite-Mo system depends on the volume fraction of the metal and the grain size of the matrix, meanwhile Kawasaki et al. [32] tell us that the fracture toughness K c , increases as the metallic phase content increases in the ceramic matrix. Traits that are considered relevant for determining the increase in hardness and fracture toughness include the volume fraction of the second phase, the morphology and size of the particle and the aspect ratio, and the spatial distribution of the particles.
Mechanical Properties

Conclusion
The incorporation of Ag in mullite at both sintering temperatures, 1500 and 1600 °C increases the fracture toughness but in two stages, at low and high concentration, these two stages in which we can divide the behavior of the fracture toughness can be associated with microstructure changes observed by SEM like changes in the shape, increasing size and homogenization of the mullite grain and by confocal microscopy in the distribution of the Ag in the mullite, all these effects are greater at 1600°C.
